Introduction {#Sec1}
============

Since Rober Koch first developed a bacterial culture technique in the laboratory \[[@CR1]\], Theodour Escherich identified the common gut bacillus *Escherichia coli* \[[@CR2]\], and Élie Metchnikoff found an association between longevity and microbes from dairy food \[[@CR3]\], an increasing number of commensal and pathogenic bacteria have been discovered and characterized as exerting a profound influence on human health and behaviors through food digestion, fermentation, metabolism, and vitamin production.

In the past five years, gut microbiota research has become a research"hot spot," and more than 25,000 gut microbiota-related articles have been published (as of 1st Sep 2019). Using next-generation sequencing (NGS) approaches, large-scale studies such as the Human Microbiome Project (HMP) and the Metagenomics of the Human Intestinal Tract (MetaHIT) project have provided essential references regarding the microbiota composition in human bodies \[[@CR4], [@CR5]\]. Biomarkers in the gut are related to a variety of diseases, including metabolic disorders \[[@CR6], [@CR7]\], inflammatory bowel diseases (IBD) \[[@CR8], [@CR9]\], a variety of cancers \[[@CR10]\], and even disorders of the central neural system.

Researchers have identified alterations in the composition of the gut microbiota related to several symptoms or diseases, such as pain, cognitive dysfunction, autism \[[@CR11], [@CR12]\], neurodegenerative disorders, and cerebral vascular diseases \[[@CR13]\]. The microbiota of different habitats contribute to bidirectional brain-gut signaling through humoral, neural, and immunological pathogenic pathways \[[@CR14]\]. The central nervous system (CNS) alters the intestinal microenvironment by regulating gut motility and secretion as well as mucosal immunity via the neuronal-glial-epithelial axis and visceral nerves \[[@CR15]--[@CR19]\]. Extrinsic factors, including dietary habit, lifestyle, infection, and early microbiota exposure, as well as intrinsic factors such as genetic background, metabolite, immunity, and hormone, regulate the composition of gut microflora. On the other hand, bacteria react to these changes by producing neurotransmitters or neuromodulators in the intestine to impact the host CNS. These modulators include bacteria-derived choline, tryptophan, short-chain fatty acids (SCFAs), and intestinally released hormones such as ghrelin or leptin (Fig. [1](#Fig1){ref-type="fig"}). Fig. 1Dysregulation of the gut microbiota in brain disorders. Extrinsic and intrinsic factors shape the composition of gut microbiota and further contribute to brain disorders, including cognitive dysfunction, neurodegeneration, and cerebrovascular diseases

Herein, we will review the progress in gut-brain axis studies and explain how changes in the gut microbiota alter cognitive function, cerebrovascular physiology, and the development of neurological and neuropsychiatric diseases.

Technical approaches in gut microbiome studies {#Sec2}
==============================================

Current technologies do not allow the cultivation of all bacteria isolated from the gut. Two widely adopted culture-free approaches have been devised to effectively quantify and characterize the microbiome, i.e., targeted sequencing and metagenomic sequencing. Targeted sequencing is also referred to as marker gene sequencing \[[@CR20]\] including 16S ribosomal RNA (rRNA), internal transcribed spacer (ITS), and 18S rRNA sequencing. In 1977, Woese et al. inferred phylogenetic relationships between prokaryotic organisms using the rRNA small subunit (SSU) genes; this approach was later proven to also work well in eukaryotes \[[@CR21], [@CR22]\]. Wilson and Blitchington showed a good agreement of the diversity and 16S rRNA sequences between quantitative cultured cells and direct PCR-amplified bacteria from a human fecal specimen \[[@CR23]\].

Researchers now can use this powerful tool to sequence 16S rRNA for assessing microbial taxonomy and diversity from various human specimens.

However, 16S rRNA sequencing achieves only \~ 80% accuracy in the genus level and is not able to fully resolve taxonomic profiles at the species level or strain level, especially with short read lengths \[[@CR24], [@CR25]\]. Shotgun sequencing was then developed for the comprehensive profiling of the DNA from microbiota. In 1998, Handelsman et al. first coined the term "metagenome" when cloning DNA fragments from soil-derived biosamples into bacterial artificial chromosomal vectors \[[@CR26]\]. In 2002, using the shotgun sequencing approach, Breitbart et al. sequenced a viral metagenome that did not carry rDNAs, and more than 65% of the species that they identified had not been reported previously \[[@CR27]\]. The same year witnessed the isolation of the antibiotics Turbomycin A and B from a metagenomic library of soil microbial DNA by Gillespie et al. using a restriction enzyme approach \[[@CR28]\]. In 2004, Tyson et al. sequenced biofilms using random shotgun sequencing and determined single-nucleotide polymorphisms at the strain level. It is now understood that the metagenome represents a collection of DNA from the environment, and shotgun sequencing has been widely adopted for metagenomic sequencing \[[@CR29]\].

Other technologies including metatranscriptomics \[[@CR30], [@CR31]\], metaproteomics \[[@CR32]\], and metabolomics \[[@CR33], [@CR34]\], can be applied to investigate RNAs, proteins, and metabolites in metagenome-wide association studies (MWAS). The MWAS approach has shown great potential not only in the identification of the microbiome taxonomy but also in the annotation of functions, pathways, and metabolism.

Gut microbiome and host immunity {#Sec3}
================================

The human microbiota interacts with the host gut immune system for mutual adaptation and immune homeostasis by tolerating commensal antigens \[[@CR35]\]. The perturbation of gut microbiota could lead to a higher incidence of autoimmunity and allergy \[[@CR36]\]. Both innate immunity and adaptive immunity in the human gastrointestinal tract play critical roles as guardians that maintain pathogen-host homeostasis. In terms of innate immunity, pathogen-associated molecular patterns (PAMPs) were first suggested to describe the pathogenic targets recognized by pattern recognition receptors (PRRs) from the host innate immune system \[[@CR37], [@CR38]\]. PAMPs represent "molecular signatures" of a pathogen class, such as the highly conserved microbial structures consisting of lipopolysaccharides (LPS), lipoteichoic acid (LTA), CpG, or dsRNAs. Gut microbes and their derivatives constantly interact with PRRs in intestinal epithelial cells, immune cells in peripheral blood, and even cells in the CNS. Microbiota dysbiosis has been reported to trigger gut barrier dysfunctions, such as changes in tight junctions, mucous layers, and secretion of immunoglobulin A and intraepithelial lymphocytes \[[@CR39], [@CR40]\]. In the rodent model, hippocampal neurogenesis is proved to be controlled by the stimulation of toll-like receptors (TLRs). TLR2 is responsible for neurogenesis, while TLR4 exhibits a contrary function \[[@CR41], [@CR42]\]. By LPS binding, TLR4 inhibits retinal neurogenesis and differentiation via MyD88-dependent and NF-κB signaling pathways \[[@CR43]\]. TLR2 activation also inhibits the proliferation of embryonic neural progenitor cells \[[@CR44]\]. The downstream inflammatory cytokine TNF-α further reduces neurogenesis and induces the proliferation of astrocytes \[[@CR45]\]. There is also evidence that TLR4 is related to the development of learning and memory \[[@CR46], [@CR47]\].

On the other hand, adaptive immunity routinely plays a crucial role in both anti-infection functions and the maintenance of microbiota-host homeostasis to prevent overreaction to harmless antigens. This balance is mainly accomplished by mutual regulation between regulatory T cells and TH17 intestinal lamina propria \[[@CR48]\]. Regulatory T cells (Tregs) are crucial in the maintenance of immune homeostasis. The protective immunosuppression signals are delivered through GATA3, Foxp3, and IL-33 expression in regulatory T cells. SCFAs from dietary fiber are produced by Clostridia species, in particular, contributing to the activation and expansion of CD4+Foxp3+ Treg cells \[[@CR49], [@CR50]\]. The polysaccharide endocytosed by dendritic cells could promote expansion and differentiation of naïve T cells into Th1 and regulatory T cell subsets \[[@CR51]\]. Gut microbiota-activated TH17 cells, characterized by IL-17A, IL-17F, and IL-22 secretion, are responsible for high-affinity IgA secretion, memory CD4+ T cell differentiation and anti-*Staphylococcus aureus* function \[[@CR52]--[@CR55]\]. However, dysbiosis of gut bacteria activates T and B cells and further influences the secretion and class switching of IgA in B cells, the differentiation of TH17 cells, and the further recruitment of dendritic cells, group 3 innate lymphoid cells (ILC3) and granulocytes \[[@CR48]\]. When TH17 cells are induced by inflammatory signals such as IL-23 overexpression, these cells are likely to be associated with autoimmune diseases, including uveitis and encephalomyelitis \[[@CR56]--[@CR59]\]. Brain lesions in the hypothalamus-pituitary-adrenal gland axis (HPA) can alter intestinal immunity. In a mouse stroke model, a significant reduction of T and B cells in Peyer's patches is observed 24 h after stroke \[[@CR60]\]. In turn, impairment of the blood--brain barrier (BBB) following stroke is triggered by microbiota changes and immune dysregulation, further allowing brain infiltration of immune cells to react to CNS tissues \[[@CR61]\].

Microbiota altered blood--brain barrier and brain structure {#Sec4}
===========================================================

BBB is a semipermeable barrier composed of specialized endothelial cells in the microvasculature \[[@CR62]\]. The BBB separates the CNS from the peripheral blood \[[@CR63]\]. There are a variety of disorders related to microbial-induced BBB dysfunction, which may cause anxiety, depression, autism spectrum disorders (ASDs), Parkinson's disease, Alzheimer's disease, and even schizophrenia \[[@CR61], [@CR64]--[@CR66]\]. The exact mechanism whereby the microbiota affects BBB physiology remains unknown. Possible mechanisms include BBB modulation by gut-derived neurotransmitters and bacterial metabolites. Rodent models have shown that a loss of the normal intestinal microbiota results in increased permeability of the BBB, while a pathogen-free gut microbiota restores BBB functionality \[[@CR67]\]. Metabolic diseases such as diabetes can result in increased permeability of the BBB and, potentially, further progression to Alzheimer's disease with amyloid-β peptide deposition \[[@CR64]\]. Microbiota dysbiosis has been found to alter the protective functions of the BBB, including regulation of permeability \[[@CR67]\] through tight junction expression \[[@CR68]\] or further behavioral changes \[[@CR69]\].

The microbiota composition is also correlated with brain morphology. A germ-free mouse model demonstrated that the microbiota is required for the normal development of hippocampal and microglial morphology \[[@CR70]\]. Structural magnetic resonance imaging (MRI) revealed that the patient's cortical thickness is negatively correlated with the duration of Crohn's disease \[[@CR71]\]. The posterior regions and middle frontal gyrus have also been found to be reduced in adolescent patients \[[@CR72]\]. The relative abundance of Actinobacteria is correlated with better organization of the amygdalar, hypothalamic, and thalamic microstructure according to MRI. The changes in structure are associated with better motor speed, attention, and cognitive test scores \[[@CR73]\].

Food and food-derived metabolites {#Sec5}
=================================

As the second-largest metabolic organ in the human body, the gut harbors approximately 1.5 kg of colonized microbiota and metabolic mass from food \[[@CR74]\]. The diet pattern plays an essential role in the composition of gut microflora and affects psychiatric conditions such as depression and anxiety \[[@CR75], [@CR76]\]. Diets rich in fruits, whole grains, vegetables, and fish have been proved to be beneficial to brain function such as the lower risk of dementia by reducing gut inflammation and neurodegeneration \[[@CR77]\]. By far, several well-known "Mediterranean-like" dietary patterns have shown neuroprotective effects, i.e., Mediterranean diet (MeDi), Dietary Approach to Stop Hypertension (DASH) diet, and Mediterranean-DASH Intervention for Neurodegenerative Delay (MIND) diet \[[@CR77], [@CR78]\]. Patients with Alzheimer's disease (AD) and atherosclerosis benefit from these "Mediterranean-like" diets \[[@CR79]\]. On the other hand, diet rich in saturated fatty acids, animal proteins, and sugars have been shown to increase the risk of brain dysfunction. A high-fat diet (HFD), or namely "Western" diet, is normally regarded as detrimental to the brain \[[@CR80]\]. Excessive intake of HFD is associated with increases in *Firmicutes* and *Proteobacteria* and a decrease in *Bacteroidetes* \[[@CR81]\]. HFD also induces plasma and fecal levels of acetate, triggers the overproduction of insulin and ghrelin, and further promotes overfeeding \[[@CR82]\]. Obesogenic effects and inflammation caused by HFD can be reduced by uptake of polyphenols from fruits, accompanied with an increase in *A. muciniphila.*

The food can quickly alter the microbiota composition in the gut. Changing to a high-fat or high-sugar dietary pattern from a low-fat or plant fiber-rich dietary pattern can shift of the microbiome even within one day \[[@CR83]\]. A dog experiment revealed that the proportion of carbohydrate and protein was responsible for the change \[[@CR84]\]. The *Bacteroides* abundance was reported to be associated with animal-derived protein and saturated fats, while *Prevotella* was associated with carbohydrates and simple sugars \[[@CR85]\]. Vegetable-based diets can increase SCFAs, accompanied by elevated *Prevotella* and some fiber-degrading *Firmicutes* \[[@CR86]\]. When fed with fructose, *Bacteroidetes* was significantly decreased in the mice model, while *Proteobacteria*, *Firmicutes,* and pathogenic *Helicobacteraceae* were significantly increased \[[@CR87]\].

Food patterns and dietary habits result in a change of brain physiology which can be explained by food-derived metabolites (Fig. [2](#Fig2){ref-type="fig"}). Metabolites derived from food play important roles in the pathogenesis of brain-related diseases. Recent findings showed the food-derived metabolites include not only SCFAs but also phosphatidylcholine, trimethylamine oxide (TMAO), L-carnitine, glutamate, bile acids, lipids, and vitamins. The food derivatives and microbe-fermented small molecular metabolites are released by gut microbiota into the blood which interacts with the host and further contributes to a variety of disorders, including brain diseases. Fig. 2Dietary metabolism and roles of the gut microbiota. Dietary habit and food pattern result in the formation of gut microbiota and in turn modulate the host inflammation and thrombosis, by which the brain disorders are induced

The metabolism of phosphatidylcholine which is rich in poultry, egg, and especially red meat, has been reported to involve a crucial biological interaction between the gut microbiota and host \[[@CR88]\]. This pathway includes TMAO, a product of the oxidation of trimethylamine (TMA), which is produced during the metabolism of red meat-derived L-carnitine \[[@CR89]\]. The levels of TMAO, betaine, and choline have been shown to serve as predictors in the diagnosis and prognosis of cardiovascular diseases \[[@CR90]--[@CR92]\]. These gut microbiota-derived metabolites induce and promote foam cell formation via cholesterol accumulation in macrophages. Recent studies have revealed that the *Clostridiales, Lachnospiraceae*, and *Ruminococcus* are highly correlated with the area of atherosclerotic lesion and TMAO levels in the plasma. Interestingly, an analog of choline, 3,3-dimethyl-1-butanol (DMB), was shown to inhibit the formation of TMAO in microbes \[[@CR93]\]. An increased abundance of *Enterobacteriaceae* and *Ruminococcus* is found in atherosclerotic cardiovascular disease patients compared to controls, while butyrate-producing bacteria, including *Roseburia* and *Faecalibacterium*, are relatively depleted in these patients \[[@CR94]\].

A highly ketogenic diet, with a high-fat, adequate-protein, and low-carbohydrate composition, has been shown to exert an anti-seizure effect \[[@CR95]\]. This high-fat, low-carbohydrate pattern is associated with *Akkermansia* and *Parabacteroides* and results in a higher seizure threshold by reducing serum gamma-glutamylated amino acid levels and increasing brain GABA/glutamate levels \[[@CR95]\]. On the other hand, a high-fat and high-cholesterol diet (HFHC) induces dyslipidemia and triggers the small intestine mucosal immune system, further promoting inflammation and altering the gut microflora \[[@CR96]\]. The phylum *Firmicutes* is positively correlated with carbohydrate oxidation, while *Bacteroidetes* exhibits a negative correlation. Herbal dietary supplements such as Rhizoma Coptidis alkaloids have been shown to alleviate hyperlipidemia in a mouse model by modulating the gut microflora and bile acid pathways \[[@CR97]\].

A high-fiber diet has been reported to improve brain health through multiple effectors \[[@CR98]\]. In the mammalian gut, dietary fiber is degraded by bacteria to produce long-chain fatty acids (LCFAs) and SCFAs as metabolites \[[@CR99]\]. LCFAs, including lauric acid, promote the differentiation of TH17 cells. The LCFAs are known as trigger factors in the establishment of autoimmune encephalomyelitis model \[[@CR100]\]. In contrast, SCFAs usually not only serve as energy sources for epithelial cells but also recruit and expand regulatory T cells and release modulatory cytokines \[[@CR101]\]. SCFAs are mainly composed of acetate (40--60%), propionate (20--25%) and butyrate (15--20%) \[[@CR102], [@CR103]\]. Acetate and propionate are produced by the Bacteroidetes phylum in particular, while species of the Firmicutes phylum preferentially produce large amounts of butyrate \[[@CR104]\]. Systemic loss of SCFAs, especially acetate, is likely to exacerbate inflammatory reactions in germ-free mice, whereas direct acetate drinking is helpful to ameliorate disease by decreasing the level of the inflammatory mediator myeloperoxidase \[[@CR105]\]. Propionic acid protects the mouse model from autoimmune colitis better than other SCFAs through the induction of Treg cells \[[@CR50], [@CR100]\]. A high-fiber diet inducing butyrate production can protect the brain well and enhance neuron plasticity in a neurogenesis model \[[@CR98]\]. It is worth noting that SCFA can manipulate the acetylation and methylation state and further regulating the host's gene expression and metabolic processes \[[@CR106]\]. For example, lower abundances of SCFAs are shown associated with a lower degree of chromatin acetylation \[[@CR107]\].

Dietary tryptophan is an essential source of an aryl hydrocarbon receptor (AHR) agonist that limits CNS inflammation by reducing both astrocyte and microglial pathogenic activities and experimental autoimmune encephalomyelitis (EAE) development \[[@CR108], [@CR109]\]. Tryptophan is usually metabolized by a bacterial tryptophanase (TnAse) from the gut microbiota to generate indole, indole-3-propionic acid (IPA), and indole-3-aldehyde (IAld). Indole is a precursor of the AhR agonist indoxyl-3-sulfate (I3S) \[[@CR110]\]. Recently, dietary tryptophan was reported to protect mice against multiple sclerosis \[[@CR108]\]. However, it has also been indicated that a high level of indole in a rat model increases the likelihood of developing brain dysfunctions, including anxiety and mood disorders \[[@CR111]\].

Szczesniak et al. found that bacteria such as Faecalibacterium, Alistipes and Ruminococcus were correlated with depression, as well as the level of isovaleric acid, a type of volatile fatty acid (VFA) \[[@CR112]\]. These associations probably occur because gut-derived VFAs can pass the BBB and further interact with synaptic neurotransmitters. Interestingly, Wu et al. revealed that although the plasma metabolome of vegans is significantly different from that of omnivores, the microbiota composition of these groups is similar \[[@CR113]\].

One of the dietary tyrosine metabolites, 4-ethylphenylsulfate (4-EPS), is able to induce autism spectrum disorder (ASD)-like behaviors. However, following injection with *Bacteroides fragilis*, the gut microbiota produces reduced levels of neurotoxic metabolites, including 4-EPS, serum glycolate, and imidazole propionate, correcting gut permeability and ameliorating anxiety-like behavior \[[@CR114]\].

Neuropsychiatric dysfunction {#Sec6}
============================

Mood, memory, and cognition were originally thought to be exclusively regulated by the CNS due to a variety of extrinsic factors such as hormonal fluctuations \[[@CR115]\]. It is now becoming clear that many non-nervous system factors, including the immune system and the resident bacteria of the gastrointestinal tract, regulate not only our feelings and how we form, process, and store memories but also cognitive function-related microstructure and morphology. Psychogastroenterological studies have been performed to analyze the microbiota regulating resilience, optimism, mindfulness, and self-regulation and mastery \[[@CR116]\]. Alteration of the gut microbiota regulates not only the synthesis of metabolites but also different neuroactive molecules and central neurotransmitters, such as melatonin, gamma-aminobutyric acid (GABA), serotonin, histamine, and acetylcholine \[[@CR117]\]. Germ-free and antibiotic rodent models have shown that microbiota exposure can induce depression, anxiety and stress, decreases in social communication, increases in exploratory activity, and memory deterioration (Table [1](#Tab1){ref-type="table"}). Table 1Rodent models in mood disorders and cognitive function researchAnimalModel typePhenotype and effect (vs. controls)NMRI miceGerm-freeIncreased motor activity and reduced anxiety \[[@CR61]\]Wistar ratApplication of probiotics:*Lactobacillus helveticus* R0052 and *Bifidobacterium longum* R0175Decreased stress-induced gastrointestinal discomfort and anxiolytic effect \[[@CR118]\]Balb/c miceApplication of probiotics:*Lactobacillus rhamnosus* (JB-1)Increase of corticosterone, GABA receptor, *N*-acetyl aspartate and glutamate; reduced stress-induced corticosterone and anxiety- and depression-related behavior \[[@CR119], [@CR120]\]Balb/c miceGerm-free, SPF and *B. infantis* miceGF mice exhibited exaggerated HPA stress response and decreased BDNF compared to SPF mice, but can be reversed with *B. infantis* \[[@CR121]\]Swiss Webster miceGerm-freeGF mice have a anxiolytic behavior, increased BDNF and reduced serotonin 1A receptor in dentate gyrus of the hippocampus \[[@CR122]\]Balb/c mice and AKH mice*T. muris* infection and application of probiotics *B. longum* NCC3001Infection with *T. muris* induced anxiety-like behavior and decreased level of BNDF. Treatment with *B. longum* reverses the effect and normalizes BDNF level \[[@CR123]\]Balb/c mice and NIH miceGerm-free and SPF with antibioticsIncreased exploratory behavior and hippocampal expression of BDNF in hippocampus \[[@CR124]\]Stress-sensitive F344 RatGerm-free and SPFDecreased social interaction in GF mice \[[@CR125]\]Swiss Webster miceGerm-freeSignificant social impairments and decreased social preference in GF mice \[[@CR126]\]Wistar ratApplication of antibioticReduced social interactions in offsprings when antibiotic is applied peri-conceptionally \[[@CR127]\]Swiss Webster miceGerm-freeIncreased exploratory in GF mice \[[@CR122]\]Swiss Webster miceApplication of antibioticIncreased exploratory behavior in antibiotic-treated mice \[[@CR126]\]C57BL/6 miceApplication of antibioticDecreased working memory in antibiotic-treated SPF mice; no effect on spatial memory \[[@CR128]\]Swiss Webster miceGerm-freeDecreased working memory in GF mice \[[@CR129]\]C57BL/6 miceSPFDecreased working memory in antibiotic-treated SPF mice \[[@CR130]\]C57BL/6 mice and CF1 mice*Citrobacter rodentidum* infectionIncrease anxiety and memory dysfunction \[[@CR129], [@CR131]\]

Early life is an important period in the development of the nervous system of the host. The microbiota colonizes the host immediately after birth within a few weeks and forms organ-specific niches \[[@CR132], [@CR133]\]. The initial commensal microbiota gradually forms similar communities in adults in the following 2--3 years \[[@CR134]\]. However, the process can be influenced by inflammation during this stage. As an important modulator of neurogenesis, microglia may play an inflammatory and detrimental role in neural development when activated by LPS. Such effects result in abnormal host behaviors and learning impairments later in adulthood \[[@CR135]\]. The microbiota can facilitate the development of host neurological functions (i.e., the development of cognitive functions and memory). In a mouse model, long-term exposure to a western diet has been shown to not only cause obesity but also trigger systemic inflammatory responses to LPS and to further induce cognitive deficits such as poorer spatial memory \[[@CR136]\]. Magnusson et al*.* indicated that high-energy food alters the composition of the microbiota and impacts working memory and cognitive flexibility, resulting in poorer long-term memory formation \[[@CR137]\]. Infection by bacteria such as *C. rodentium* is another trigger that may generate stress-induced memory dysfunction in a rodent model \[[@CR129]\].

Stress and depression {#Sec7}
---------------------

The gut microbiota has been shown to play critical roles in the pathogenesis of depression and anxiety-like behavior \[[@CR138], [@CR139]\]. Abnormal HPA hyperactivity in response to stress is associated with depressive episodes. Sudo et al. found that the HPA stress response is hyperactive in germ-free mice, but this hyperactivity can be reversed by *Bifidobacterium infantis* \[[@CR121]\]. Plasma ACTH and corticosterone levels have been observed to be higher in GF mice than SPF mice when responding to stress. However, Diaz et al. revealed that GF mice exhibit increased plasma levels of tryptophan and serotonin compared with SPF mice \[[@CR61]\], which is correlated with increased motor activity and reduced anxiety. Neufeld et al.'s results also demonstrated that GF mice exhibit anxiolytic behavior via increased expression of brain-derived neurotrophic factor (BDNF) and reduced serotonin 1A receptor levels in the hippocampus \[[@CR122]\]. Anxiety and depression are typical complications in irritable bowel syndrome (IBS) patients, who show a higher prevalence of these conditions than healthy controls \[[@CR140]\]. In addition to anxiety and depression, IBD patients exhibit mild verbal memory dysfunctions. The VFA isovaleric acid has been regarded as an important mediator of depression \[[@CR112]\]. Gut-derived isovaleric acid can cross the BBB and interfere with synaptic neurotransmitter release. Isovaleric acid is positively correlated with saliva cortisol, which is strongly associated with depression in boys \[[@CR141]\]. Bravo et al. have shown that GABA receptor expression in different brain areas can be altered by chronic treatment with *Lactobacillus rhamnosus.* This treatment further reduces stress-induced corticosterone levels and depression-like behaviors \[[@CR119]\]. Stress-induced reduction of hippocampal neurogenesis can also be prevented by a probiotic combination of *Lactobacillus helveticus* strain R0052 and *Bifidobacterium longum* strain R0175 \[[@CR142]\]. De Theije et al. showed that the effect of probiotics is highly strain specific. The administration of *Campylobacter jejuni* promotes depressive- or stress-like behaviors, while *Bifidobacterium* strains exert a decreasing effect on these behaviors \[[@CR143]\].

Autism spectrum disorder {#Sec8}
------------------------

ASDs are characterized by abnormal communication and social behaviors, which begin in early childhood neurodevelopment. Gut problems or a history of gastrointestinal perturbations such as infection and anti- or pro-biotic intake in early childhood contributes to the disease development \[[@CR144]--[@CR146]\]. Gastrointestinal discomfort in ASD patients is usually thought to have a neurologic rather than a gastroenteric cause \[[@CR147], [@CR148]\]. However, recent studies have revealed that gut microflora alteration-related gastrointestinal symptoms are associated with mucosal inflammation \[[@CR148], [@CR149]\]. Anti-inflammatory and SCFA-synthesizing species such as *Faecalibacterium* species are decreased in ASD patients compared to controls \[[@CR150]\]. Oral administration of *Bacteroides fragilis* (a commensal bacterium) can correct intestinal epithelial permeability caused by dysbiosis, leading to the modulation of several metabolites and ameliorated symptoms of ASD \[[@CR114]\]. The Firmicutes/Bacteroides ratio and the composition of Fusobacteria or Verrucomicrobia are associated with ASDs. Lower levels of *Bifidobacteria* species, mucolytic bacteria, and *Akkermansia muciniphila* are found in children with ASD, while *Lactobacillus*, *Bacteroides*, *Prevotella*, and *Alistipes* are present at higher levels \[[@CR145], [@CR151], [@CR152]\]. However, *Desulfovibrio* species, *Bacteroides vulgatus*, and Clostridia are over-represented in children with ASD with gastrointestinal symptoms compared with normal subjects with similar GI complaints \[[@CR153], [@CR154]\]. One hypothesis regarding the reoccurrence of ASD symptoms after oral vancomycin treatments is that Clostridia undergo spore formation to avoid eradication \[[@CR145]\]. Although there is little direct causal evidence that the microbiota can cure ASD, the use of probiotic strains of *Lactobacillus* species and *Bifidobacterium* species has been shown to ameliorate gastrointestinal symptoms in children with ASD \[[@CR119], [@CR155]\]. Hsiao et al.'s research suggested that oral treatment with *Bacteroides fragilis* in a mouse model altered the microbial composition, improved gut permeability, and reduced defects in communicative and anxiety-like behaviors \[[@CR114]\].

Pain and migraine {#Sec9}
-----------------

Pain is common in the general population, and the microbiota has shown to impact several types of pain, including spinal visceral pain in IBS \[[@CR138], [@CR156]\] and small intestinal bacterial overgrowth (SIBO) \[[@CR157]\] as well as migraine \[[@CR158]\] and sometimes headache \[[@CR159]\]. Administration of antibiotics may induce gut dysbiosis and alter host-bacterial interactions, leading to colonic sensory and motor changes in a mouse model. These effects can be reflected by nociceptive markers such as CB2 and TLR7 \[[@CR160]\]. Amaral et al. showed that inflammatory hypernociception induced by LPS, TNF-α, IL-1beta, and the chemokine CXCL1 is reduced in germ-free mice. This effect was similar to the induction by prostaglandins and dopamine \[[@CR161]\]. It has been revealed by meta-analyses that *Helicobacter pylori* infection is associated with migraine \[[@CR162]\]. Faraji et al. performed a randomized blinded clinical trial that demonstrated improvement of migraine associated with *H. pylori* eradication \[[@CR158]\]. A recent study revealed that gut microbiota dysbiosis-induced chronic migraine-like pain are accomplished by up-regulating TNF-α level \[[@CR163]\].

On the other hand, visceral pain can be effectively alleviated by probiotic treatment in animal models. Rousseaux et al. found that analgesic functions could be achieved by taking specific *Lactobacillus* strains orally. The resulting morphine-like effect was shown to be mediated by enhanced expression of intestinal epithelial μ-opioid and cannabinoid receptors \[[@CR164]\]. Probiotic *B. infantis* 35624 and *Lactobacillus farciminis* were shown to exert visceral antinociceptive effects by altering central sensitization in rat models \[[@CR165], [@CR166]\]. *L. farciminis* can also attenuate stress-induced Fos expression in the spine, which explains the antinociceptive effect of this probiotic. In a clinical-alimentary study, O'Mahony et al. treated patients with probiotics and found that *Lactobacillus salivarius* UCC4331 significantly reduced pain and discomfort during the administration phase for one week, while *B. infantis* 35624 reduced pain and discomfort scores during both the administration and washout phases \[[@CR167]\].

Neurodegenerative diseases {#Sec10}
==========================

Neurodegenerative diseases are a collection of neurological diseases that are characterized by progressive loss of neurons, including AD, Parkinson's disease (PD), amyotrophic lateral sclerosis (ALS) and multiple sclerosis (MS) \[[@CR168]\]. Each of the neurodegenerative diseases has been reported to have unique pathologies and clinical features. Nevertheless, neuroinflammation and higher intestinal permeability are common characteristics of them \[[@CR169]\]. Some of the peripheral inflammation factors such as TNF-α, iNOS, and IL-6 have been validated in the pathogenesis of the neurodegeneration in CNS \[[@CR170], [@CR171]\]. In this chapter, we will discuss how functional gastrointestinal disorders are critically linked to these neuropathies.

Parkinson's disease {#Sec11}
-------------------

PD is a typical neurodegenerative disorder affecting more than 1% of the population over 65 years of age \[[@CR172]\]. PD is thought to be caused by the interaction between environmental and genetic risk factors. This neuropathology is characterized by motor deficits and non-motor symptoms (NMS), which ultimately have an impact on quality of life \[[@CR173]\].

Recently, the gut microflora has drawn increasing attention with respect to how it may be implicated in PD \[[@CR173]\]. A variety of enteral dysfunctions are associated with PD, such as SIBO, malnutrition, *H. pylori* infection, and constipation \[[@CR174]\]. In terms of the role of GI tracts pathology in PD, a higher frequency of α-synuclein detection is found in the patients than in controls from many researches \[[@CR175]\]. Animal studies validated that resection of vagus nerve can stop transmission of α-synuclein from gastro intestine to the CNS \[[@CR66], [@CR176]\]. Bowel inflammation can also trigger neuroinflammation to promote dopaminergic neuronal loss in the rodent substantia-nigra tissue \[[@CR177]\]. Forsyth and colleagues found that "leaky guts" and bowel inflammation affect the progression of PD \[[@CR178]\]. The increased colonic permeability was found to be correlated with increased α-synuclein and *E. coli* accumulation in the sigmoid of PD patients \[[@CR179]\].

Counts of butyrate-producing and anti-inflammatory bacterial genera such as *Blautia*, *Coprococcus*, and *Roseburia* are significantly lower in PD patients, while those of LPS-producing genera *Oscillospira* and *Bacteroides* are significantly higher \[[@CR180]\]. The pro-inflammatory genus *Ralstonia* is significantly abundant in PD patient mucosae, implying that the inflammatory gut barrier is pathogenic. Scheperjans et al. revealed that the altered intestinal microbiota and the related motor phenotype could be applied to the diagnosis of PD \[[@CR181]\]. The relative abundance of Prevotellaceae is significantly reduced in PD and has been validated as a very sensitive biomarker for PD diagnosis. A model based on multiple bacterial families and constipation status was shown to present 90.3% specificity in PD diagnosis. Ingestion of fermented milk for 4 weeks was proven to be effective in improving PD complications such as constipation \[[@CR182]\]. Two studies have shown that anti-TNF therapy and immunosuppressants reduced PD risk \[[@CR183], [@CR184]\]. However, there is very limited clinical evidence of the beneficial effects of probiotics in the treatment of PD and further evidences are needed.

Alzheimer's disease {#Sec12}
-------------------

AD, which is the most common degenerative disease, is characterized by a decline in cognitive skills, including memory, language, and problem solving, eventually resulting in dementia \[[@CR185]\]. AD is pathologically characterized by neuroinflammation, accumulation of beta-amyloid (Aβ) plaque, and neurofibrillary tau tangles in the brain. Aβ (Aβ40 or Aβ42) are cleaved products from the amyloid precursor protein (APP). The Aβ polymerizes into fibrils in the CNS by self-aggregation and further triggers inflammation and neurotoxicity. Recent studies have demonstrated the role and impact of microbial dysfunction and infection on the aetiology of AD, especially the activation of neuroinflammation and the formation of amyloids.

Neuroinflammation factors, including IL-1beta, IL-6, and TNF-alpha, have been observed in AD patients \[[@CR186], [@CR187]\]. Gareau et al.'s work implied that memory loss and dysfunction are exacerbated by infection under exposure to acute stress \[[@CR129]\]. Released LPS triggers the inflammation and promotes amyloid fibrillogenesis in the brain \[[@CR188]\]. The microglia can recognize amyloid molecules by TLR4 and TLR2 for clearance. Interestingly, signaling of myeloid differentiation primary response 88 (MyD88) from microglial TLR2 is responsible for activation of TNF-α and nuclear factor kappa B (NF-κB) which also induces the formation of Aβ by promoting α-secretase and β-secretase, respectively \[[@CR189]\].

As a generic term, amyloid denotes any insoluble, aggregation-prone, and lipoprotein-rich deposit that resembles carbohydrate starches \[[@CR190]\]. Bacterial metabolites and products have recently been shown to worsen AD. In AD patients, bacteria-derived amyloids (curli, tau, Aβ, α-syn, and prion) can function as initiators to cross-seed and aggregate host amyloids \[[@CR191]\]. Amyloids such as CsgA and Aβ42 can exhibit cerebral deposition and trigger a cascade of AD-related pathological events despite their dissimilarity of sequences \[[@CR192]\]. It is reported that chronic *H. pylori* could trigger the release of both inflammatory mediators and amyloids in AD patients \[[@CR193], [@CR194]\]. *H. pylori* filtrate was shown to have the ability to induce the hyperphosphorylation of tau protein in a cell model \[[@CR195]\]. *E. coli* has been reported to produce extracellular amyloids known as curli fibres, a major subunit of CsgA. Other amyloids produced by microbes include CsgA produced by *Salmonella* spp., FapC by *Pseudomonas fluorescens*, MccE492 by *Klebsiella pneumonia*, phenol-soluble Modulins by *Staphylococcus aureus*, TasA by *Bacillus subtills*, and Chaplins by *Streptomyces coelicolor* \[[@CR190], [@CR196], [@CR197]\]. Harach et al. found a remarkable shift in the gut microbiota in fecal samples from an APP-transgenic mouse and reported that the microbiota contributed to the development of this neurodegenerative diseases. Intestinal germ-free APP transgenic mice were found to have a reduction of cerebral amyloid pathology compared to controls \[[@CR198]\]. More recently, *Chlamydia pneumoniae* infection in astrocytes has been demonstrated to be involved in the generation of β-amyloid, which promotes AD \[[@CR199]\]. Ingestion of probiotics has been reported to be beneficial in AD. Azm S et al. demonstrated that *Lactobacilli* and *Bifidobacteria* were effective in ameliorating memory and learning dysfunction in a β-amyloid-injected rodent model \[[@CR200]\]. Wang and Liang et al. revealed that *Lactobacillus fermentum* NS9 and *Lactobacillus helveticus* NS8 alleviated ampicillin-induced spatial memory impairment and improved the spatial memory of chronic restraint stress \[[@CR201], [@CR202]\]. In a randomized clinical trial of probiotic treatment conducted in 60 AD patients, Akbari et al. showed that after 12 weeks of administration of *Lactobacillus* and *Bifidobacterium* species via fermented milk, mini-mental state examination (MMSE) scores improved significantly. Improvements in glucose and lipid metabolism were also observed, which were thought to enhance the cognitive assessment scoring \[[@CR203]\]. The elimination of *Helicobacter pylori* by triple eradication therapy results in improvement of cognition parameters in AD patients \[[@CR204]\]. It is promising that the use of pro- or antibiotics could be future therapeutic agents for AD. It has been demonstrated in a recent study that exercise and probiotics could reduce Aβ plaques in the hippocampus, improve cognitive performance, and finally, attenuate the development of Alzheimer\'s disease in the mouse model \[[@CR205]\].

Amyotrophic lateral sclerosis {#Sec13}
-----------------------------

ALS is a fatal neurodegenerative disorder that affects the brain and spinal cord neurons and typically results in death. Most ALS patients die within 3 to 5 years due to respiratory paralysis \[[@CR206]\]. The pathogenesis of ALS is proposed to be outcomes of genetic-environmental interactions. Studies on interactions between innate immune response and LPS have provided essential evidences of ALS pathogenesis \[[@CR207]--[@CR209]\]. More than a decade ago, it was proposed that gut-derived neurotoxins, including tetanus and botulinum toxins produced by *Clostridia* species, cause ALS \[[@CR210], [@CR211]\]. "Leaky gut" is also likely to be responsible for ALS \[[@CR212]\]. More recently, Wu's ALS mouse model revealed that the tight junction structure was damaged and that gut permeability was increased. Gut dysbiosis is also found in ALS mice, particularly in terms of reduced levels of butyrate-producing bacteria, including *Butyrivibrio fibrisolvens* and *E. coli* \[[@CR213]\]. In the gut of ALS patients, butyrate-producing *Oscillibacter*, *Anaerostipes*, and *Lachnospira* counts were found to be reduced, while that of glucose-metabolizing *Dorea* was significantly increased \[[@CR214]\]. Brenner et al. found the richness of OTUs to be significantly higher in an ALS group compared with a control group. However, the relative ratio of *Bacteroidetes/Firmicutes* did show a significant difference between ALS patients and controls \[[@CR215]\]. Supplementation of the diet with 2% butyrate in drinking water in an ALS mouse model resulted in improved gut integrity and survival \[[@CR216]\]. Mazzini et al. revealed unique bacterial profiles in ALS patients compared to the controls. Higher *E. coli* and *Enterobacteria* abundance, and lower *Clostridium* was found in ALS participants \[[@CR217]\]. These results imply that anti-inflammatory SCFAs produced by gut microbiota are potential therapeutic agents affecting ALS progression. Mazzini et al. further conducted a clinical trial of bacteriotherapy aimed at understanding the effect of *Lactobacillus* strains \[[@CR217]\]. However, more direct evidence and results are needed to clarify how the gut microbiota improves or aggravates ALS.

Multiple sclerosis {#Sec14}
------------------

MS is a type of autoimmunity-induced neurodegenerative disease in the spinal column and CNS. The environmental factors contribute profoundly to pathogenesis of this demyelinating disease, including obesity, smoking, viruses, and vitamin D \[[@CR218]\]**.** Alterations in the microbiome and prevalence of "leaky gut" have been found in MS patients and experimental autoimmune encephalomyelitis (EAE) animal, the most commonly used inflammatory demyelinating disease model \[[@CR219], [@CR220]\]. The immunological changes in EAE are characterized by increasing proinflammatory cell infiltration and impaired Treg function \[[@CR221]\]. The favorable gut microbiota can regulate permeability of BBB, limit astrocyte pathogenicity, and activate microglia \[[@CR222]\]. In the EAE model, the *Bifidobacterium* and lactic acid-producing bacteria such as of *Lactobacillus* are able to reduce severity of EAE symptoms \[[@CR223], [@CR224]\]. The abundance of Archaea is high in MS while *Firmicutes* and *Bacteroidetes* phyla are lower or even depleted \[[@CR218]\]. The *Bacteroides* and *Clostridia* species are especially responsible for the induction of FoxP3+ Tregs in suppression of inflammation \[[@CR222]\]. One small longitudinal study found that the gut microbiota profiles, especially *Fusobacteria* were associated with future relapse risk in MS \[[@CR225]\]. *Psuedomonas*, *Haemophilus*, *Blautia*, and *Dorea* genera were detected to be increased in MS patients, while *Parabacteroides*, *Adlercreutzia* and *Prevotella* genera were much lower \[[@CR219]\]. *Clostridiales* order were restored after MS treatment with glatiramer acetate including *Bacteroidaceae*, *Faecalibacterium*, *Ruminococcus*, *Lactobacillaceae*, and *Clostridium* \[[@CR226]\]. Ochoa-Reparaz et al. unraveled that oral administration of antibiotics can delay the pathogenesis of EAE. However, intraperitoneal injection did not significantly impact the outcomes \[[@CR227]\]. This implies changes in intestinal microbiota ecosystem are associated with MS development. Other studies also validated that probiotic treatment and fecal microbial transplantation can achieve similar effect \[[@CR228], [@CR229]\].

Cerebral vascular diseases {#Sec15}
==========================

Cerebrovascular diseases are a variety of circulatory diseases that affect cerebral circulation and, thus, cause brain damage. The most common presentations of cerebrovascular disease are ischemic stroke, hemorrhagic stroke, and intracranial arteriovenous malformation (AVM). The GI microflora and infection have been indicated to impact the host immune system and ischemic stroke processes. Infection and inflammation at plaque lesions along with imbalanced carnitine, cholesterol and fat metabolism by intestinal microflora ultimately contributed to atherosclerosis.

Atherosclerosis {#Sec16}
---------------

Fernandes et al. revealed that oral *Streptococcus mutans* is ubiquitous in the atherosclerotic plaques of patients with vascular disease \[[@CR230]\]. Apfalter et al. identified traces of *Chlamydia pneumoniae* in carotid artery atherosclerosis using a nested PCR-based approach \[[@CR231]\]. Mitra et al.'s metagenomic study of carotid atherosclerosis plaques showed that 2--16% of the sequencing reads from plaque tissue came from bacteria, including *Lactobacillus rhamnosus* and *Neisseria polysaccharea*. The bacterial content is higher in patients with ischemic symptoms. *Acidovorax* spp. and *H. pylori* cells were also detected by fluorescence in situ hybridization (FISH) in atherosclerotic tissue \[[@CR232]\]. Karlsson et al. sequenced the gut metagenomes of patients with symptomatic atherosclerosis and healthy subjects. The genus *Collinsella* was observed to be enriched in carotid stenotic patients, whereas *Roseburia* and *Eubacterium* were more abundant in healthy controls \[[@CR233]\].The gut microbiota has been suggested to transform dietary choline, lecithin, or carnitine into TMAO and, thus, cause vascular atherosclerosis by affecting lipid and hormonal homeostasis \[[@CR89], [@CR234]\]. The carnitine-butyrobetaine-trimethylamine-*N*-oxide pathway has been found to be associated with carotid atherosclerosis \[[@CR235]\]. Stimulation of monocyte by LPS can be a critical step of the formation of foam cell in atherosclerotic plaque by either inducing inflammation or triggering LDL uptake \[[@CR236], [@CR237]\]. A series of probiotic-based therapy attempts have been in progress, including human trials using *L. acidophilus* 145, *B. longum* 913 \[[@CR238]\], *L. acidophilus* and *B. bifidum* \[[@CR239]\] to restore HDL/LDL ratio, and mouse experiments using *L. plantarum ZDY04* against TMAO \[[@CR240]\].

Stroke {#Sec17}
------

Benakis et al. showed that infarction-induced ischemic brain injury could be reduced by antibiotic administration. The antibiotic-induced alterations in the gut microbiota could increase regulatory T cells and decrease IL-17+ γδ T cells, which suppress the trafficking of effector T cells after stroke. Interestingly, the gut microbiota-associated infarction model can be transmitted and reproduced by fecal transplantation \[[@CR241]\]. Systemic exposure to *Porphyromonas gingivalis* has been linked to an increased risk of ischemic stroke \[[@CR242]\]. Kawato et al. revealed that continual venous injection of Gram-negative bacteria might accelerate stroke in SHRSP (spontaneously hypertensive stroke-prone) rats, probably due to LPS-induced oxidative stress responses \[[@CR243]\]. Zhu et al. discovered that TMAO is associated with platelet hyperactivity and thrombosis risk \[[@CR90]\]. Their following study validated in a short-term cohort that an omnivorous diet could generate a higher TMAO content in blood than was induced by a vegan diet, which was more likely to promote the formation of blood clots. Their study suggested that the use of low doses of aspirin was helpful to alleviate platelet aggregation caused by TMAO \[[@CR244]\]. Yin et al. revealed that opportunistic gut-derived pathogens such as *Enterobacter*, *Megasphaera*, *Oscillibacter*, and *Desulfovibrio* were enriched in patients experiencing stroke and transient ischemic attack, whereas beneficial genera including *Bacteroides*, *Prevotella*, and *Faecalibacterium* were less abundant. Paradoxically, Yin et al. showed that TMAO levels were lower in patients than in controls \[[@CR245]\].

Arteriovenous malformation {#Sec18}
--------------------------

There is no direct causal relationship between the microbiota and AVM onset in humans, while animal models have implied a pivotal role of the microflora in AVM pathophysiology and pathogenesis. Shikata et al. used antibiotics to deplete the gut microbiota in an aneurysm mouse model, and aneurysm induction was drastically reduced due to less macrophage infiltration and cytokine secretion \[[@CR246]\]. Cerebral cavernous malformation (CCM) is a common type of vascular malformation resulting in hemorrhagic stroke and seizure \[[@CR247]\]. Tang et al. showed that stimulation of TLR4 by bacteria or LPS accelerates CCM formation, whereas the use of germ-free mice and antibiotics use in mice can prevent CCM. The gut microbiome and endothelial TLR4 act as critical stimulants, suggesting their potential use as novel strategies in CCM therapy \[[@CR248]\]. Interestingly, Winek et al.'s paradoxical results indicated that a broad-spectrum antibiotic-treated gut microbiota worsens inflammation and stroke in a murine model \[[@CR249]\]. However, Evangelo Boumis et al. found that consumption of probiotics such as *Lactobacillus rhamnosus* may impose a serious risk of infection in patients with special susceptibility factors, and antibiotic prevention should be considered \[[@CR250]\]. These findings implied that specific microbiota and antibiotic use result in different outcomes.

Conclusions and perspectives {#Sec19}
============================

It is now gradually being accepted that the gut microbiota is important in both the maintenance of the intestinal flora and brain physiology. Through the immune system, endocrine system, and bacterial metabolites, the gut microbiota regulates neurotransmission and vascular barriers, which in turn alter host neuropsychological function, cognition, and cerebral vascular physiology. Research and development of potential therapeutic targets are also in progresses. The brain diseases, alteration of gut microbiota, evidenced mechanisms, and potential probiotic-based therapeutics are summarized in Table [2](#Tab2){ref-type="table"}. However, there are still challenges in terms of the experimental design, subjects, models, analytical approach, pipeline, and quality control protocols used in metabolomics studies. Table 2The brain disorders, alteration of gut microbiota, pathological and molecular signature, and potential probiotic-based therapeuticsBrain disordersDysbiosis of microbiotaPathological and molecular signaturePotential probiotic-based therapeuticsStress and depressionIncrease of *Faecalibacterium, Alistipes, Ruminococcus* \[[@CR112]\], *Campylobacter jejuni* \[[@CR143]\] and *Firmicutes*; decrease of *Bacteroidetes* \[[@CR251]\]Activation and releasing of HPA \[[@CR121]\],VFA \[[@CR112], [@CR141]\], serotonin 1A receptor \[[@CR122]\]; reduced expression of BDNF \[[@CR122]\], GABA receptor \[[@CR119]\]*Bifidobacterium infantis* \[[@CR121]\], *Lactobacillus rhamnosus* \[[@CR119]\], *Lactobacillus helveticus*, *Bifidobacterium longum* \[[@CR142]\], and other *Bifidobacterium* strains \[[@CR143]\]Pain and migraineIncrease of *H.pylor*i \[[@CR162]\]; dysbiosis \[[@CR163]\]Dysfunction of CB2 and TLR7 \[[@CR160]\]; inflammatory hypernociception \[[@CR161]\]; TNF-α induced chronic migrain e\[[@CR163]\]*Lactobacillus*, *B. infantis* 35624 and *Lactobacillus farciminis* \[[@CR165], [@CR166]\], *Lactobacillus salivarius* UCC433 1\[[@CR167]\]Autism spectrum disordersDecreases of *Faecalibacterium* species \[[@CR150]\], *Bifidobacteria* species, *Akkermansia muciniphila*; increase of *Lactobacillus*, *Bacteroides, Prevotella*, and *Alistipes* \[[@CR145], [@CR151], [@CR152]\]; alteration of *Fusobacteria*, *Verrucomicrobia* and *Firmicutes/Bacteroides* ratio \[[@CR11]\]Disrupted intestinal epithelial permeability \[[@CR114]\], mucosal inflammation \[[@CR148], [@CR149]\], reduction of SCFA synthesis \[[@CR150]\], mucosal inflammation \[[@CR148], [@CR149]\]*Bacteroides fragilis* \[[@CR114]\], *Lactobacillus* species and *Bifidobacterium* species \[[@CR119], [@CR155]\]Parkinson's diseaseIncrease of *H.pylori* \[[@CR174]\], *E.coli* \[[@CR179]\], *Ralstonia*, *Oscillospira* and *Bacteroides* \[[@CR180]\]; decrease of *Prevotellaceae* \[[@CR181]\], *Blautia*, *Coprococcus*, and *Roseburia* \[[@CR180]\]Higher frequency of α-synuclein detection \[[@CR175]\], dopaminergic neuronal loss \[[@CR177]\], bowel inflammation and change of permeability \[[@CR178], [@CR180]\]Multiple probiotics strains (*Streptococcus salivarius subsp thermophilus, Enterococcus faecium, Lactobacillus rhamnosus GG, Lactobacillus acidophilus, Lactobacillus plantarum, Lactobacillus paracasei, Lactobacillus delbrueckii subsp bulgaricus*, and *Bifidobacterium*) \[[@CR182]\]Alzheimer's diseaseChronic *H.pylori* infection \[[@CR193], [@CR194]\]; increase of *E.coli*, *Salmonella* spp, *Pseudomonas fluorescens*, *Klebsiella pneumonia*, *Staphylococcus aureus*, *Bacillus subtills*, *Streptomyces coelicolor* \[[@CR190], [@CR196], [@CR197]\]; *Chlamydia pneumoniae* infection \[[@CR199]\]Increased levels of IL-1beta, IL-6, and TNF-alpha \[[@CR186], [@CR187]\]; extracellular amyloids such as CsgA, Aβ42, FapC, MccE492, phenol-soluble Modulins, TasA, Chaplins, and β-amyloid exhibit cerebral deposition \[[@CR190], [@CR192], [@CR196], [@CR197], [@CR199]\]*Lactobacilli* and *Bifidobacteria* \[[@CR200], [@CR203]\]; *Lactobacillus fermentum NS9* and *Lactobacillus helveticus NS8* \[[@CR201], [@CR202]\]Amyotrophic lateral sclerosisReduced levels of butyrate-producing bacteria, including *Butyrivibrio fibrisolvens*, *Escherichia coli*, *Oscillibacter, Anaerostipes,* and *Lachnospira* \[[@CR213]\]; increase of glucose-metabolizing *Dorea* \[[@CR214]\]Tetanus and botulinum toxins \[[@CR210], [@CR211]\]; "leaky gut" \[[@CR212]\]; higher richness of OTUs \[[@CR215]\]; reduction of butyrate \[[@CR216]\]*Lactobacillus* strains \[[@CR217]\]Multiple sclerosisIncrease of *Archaea, Psuedomonas, Haemophilus, Blautia*, *Dorea* \[[@CR219]\], and *Fusobacteria* \[[@CR225]\]; decrease of *Bacteroidetes phyla, Firmicutes phyla,* \[[@CR218]\] *Parabacteroides, Adlercreutzia*, *Prevotella* \[[@CR219]\], *Bacteroides* and *Clostridia* \[[@CR218], [@CR222]\]BBB integrity disruption and astrocyte pathogenicity \[[@CR222]\]; increasing proinflammatory cell infiltration and impaired Treg function \[[@CR221]\]; "leaky gut" \[[@CR219], [@CR220]\]*Bifidobacterium* and lactic acid-producing bacteria \[[@CR223], [@CR224]\]; *Bacteroidaceae, Faecalibacterium, Ruminococcus, Lactobacillaceae*, and *Clostridium* \[[@CR226]\]Atherosclerosis*Lactobacillus rhamnosus* and *Neisseria polysaccharea, Acidovorax* spp. and *H. pylori* cells \[[@CR232]\]; *Collinsella* \[[@CR233]\]; *Roseburia* and *Eubacterium* \[[@CR233]\]Carnitine-butyrobetaine-trimethylamine-*N*-oxide pathway \[[@CR235]\]; cause vascular atherosclerosis by affecting lipid and hormonal homeostasis \[[@CR82], [@CR222]\]; formation of foam cell by inflammation \[[@CR236], [@CR237]\]*L. acidophilus* 145, *B. longum* 91 3\[[@CR238]\], *L. acidophilus* and *B. bifidum* \[[@CR239]\], *L. plantarum ZDY04* against TMAO \[[@CR240]\]StrokeIncrease of *Porphyromonas gingivalis* \[[@CR242]\], Gram-negative bacteria \[[@CR243]\], *Enterobacter*, *Megasphaera*, *Oscillibacter*; decrease of *Bacteroides*, *Prevotella* and *Faecalibacterium* \[[@CR245]\]Formation of blood clots and platelet aggregation \[[@CR244]\]; decrease of regulatory T cells \[[@CR241]\]Antibiotic administration \[[@CR241]\]Arteriovenous malformationGram-negative bacteria \[[@CR248]\]Macrophage infiltration and cytokine secretion \[[@CR246]\]; activate TLR4 \[[@CR248]\]Antibiotic and probiotics treatment are controversial \[[@CR248]--[@CR250]\]

Thus far, evidence has revealed clear associations between microbiota and host physiology, rather than demonstrating causal relationships. Since there are multiple confounding variables in human fecal experiments, larger sample-size studies are needed for metagenomic biomarker screening. Such studies are more reliable when exposure, demographics, diet, and socioeconomic factors are considered. However, even in population-based metagenomic analyses, the outcome variables are largely influenced by irreducible variables and confounders, while the composition of the microbiome can be explained by limited effects (10--20%) \[[@CR252]--[@CR254]\]. Another obstacle in current microbiota-based translational medicine is the mild and long-term of effects observed in terms of cognitive or psychological function. It might take months to years of probiotic and microbiota-based therapeutics to influence neuropsychiatric diseases, while the effect of the microbiota on host coagulation can be observed much more rapidly.

In addition to human cohort and cross-sectional studies, animal models provide essential evidence to explain how specific microbes affect the host. Animal models, especially murine models, have been widely adopted in pre-clinical experiments to validate the functions of specific microbial species. Early animal studies were established in germ-free animals to reveal associations between host physiology and the effect of the microbiota \[[@CR255]\]. Specific microorganisms colonizing germ-free animals, probiotic use and fecal microbiota transplantation (FMT) approaches are widely used to elucidate the specific traits and functions of the microbiota. Antibiotic-treated animal models are alternatives for studying the microbial depletion effect on wild-type animals with mature immunity \[[@CR20]\]. However, there are still many obstacles in the practice of translational medicine using conclusions about the microbiome from animal models, including issues related to genomic background, intestinal differences, dietary habits, and other life exposures. For example, although the human genome shares more than 85% of its genomic sequences with the mouse genome, the expression patterns and protein functions of these species are not exactly the same \[[@CR256]--[@CR259]\]. In terms of intestinal structure, mice present a relatively larger cecum and small intestine than humans. On the other hand, there are more circular folds (i.e., plicae circularis) in the human small intestine that increase the surface area, whereas the appearance of the mouse mucosa surface is smoother \[[@CR259], [@CR260]\]. Life experience is another issue that arises during data analysis, as humans and animals experience different life histories, exercise regimes, circadian cycles, social pressures, and especially food contents. Normally, the diet and chewing in animal experiments are nutritionally controlled and monotonous, while the composition of the human diet varies daily. These diet-related confounders may cause challenges during replication and translation of a model into clinical trials. However, quantitative cohort studies have provided stronger evidence than retrospective questionnaires in human studies, and smaller sample sizes are sometimes adequate to validate a hypothesis \[[@CR244], [@CR261]\].

The choice of microbiome analysis approaches and their technical stability are additional major challenges. The DNA extraction method, library preparation protocol, sequencer and analytic pipeline employed contribute to the observed biological variation even within a given specimen \[[@CR262]\]. Recently, large-scale comparative studies identified the importance of sample homogenization, aliquoting and analytical pipelines in data processing \[[@CR263], [@CR264]\]. It is also worth noting that the results from 16S and WMS analyses are not fully replicable, since 16S sequencing largely depends on variable region selection, while WMS identifies and quantitates fragments from the entire genome of all organisms in the sample. Therefore, each protocol exhibits a preference for specific taxonomic assignments, which might cause further misinterpretations \[[@CR265]--[@CR268]\]. Furthermore, most 16S sequencing protocols obtain phylum- or genus-level resolution of taxa, whereas the WMS protocol can provide species or even strain-level information \[[@CR24], [@CR269]\].

Although far from being perfect, the gut microbiota-based therapy is a promising potential approach to be used in future therapies for brain diseases. Doctors and scientists are ready to think outside the pillbox in accord with the suggestion of Hippocrates (400 BC) to "Let food be thy medicine and medicine be thy food" \[[@CR270]\]. Scientists are also pushing the frontier of the application of the microbiota in the diagnosis, treatment, and prognosis of brain diseases. The robust data produced from MWAS, metabolomics, and multi-omics are hopefully forming a framework that will enable the integration of psychological care, cerebrovascular care, and gastroenterological care into therapies.
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